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(54) Numerically controlled variable oscillator 

(57) An oscillator includes a resonator, such as a 
crystal (12) coupled to first and second capacitor banks 
(14). The first and second capacitor banks (14) each 
comprise a plurality of capacitors (16) coupled to the 
resonator (12) through respective switching devices 
(18) that may be selectively enabled. The switches (18) 
are selectively enabled to couple a desired set of said 



capacitors (16) to said resonator (12). At least one of 
the switches (1 8sd) is controlled with a clock signal hav- 
ing a programmable duty cycle from a sigma-delta mod- 
ulator (20) to enable at least one of said capacitors 
(1 6sd) during a first phase of the clock signal and disable 
that capacitor (1 6sd) during a second phase of the clock 
signal. 
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Description 

BACKGROUND OF THE INVENTION 

1. TECHNICAL FIELD 

[0001] This invention relates in general to integrated 
circuits and, more particularly, to variable oscillators. 

2. DESCRIPTION OF THE RELATED ART 

[0002] A variable oscillator, often referred to as a volt- 
age controlled oscillator or VCO, is a circuit that produc- 
es a frequency within a specified range responsive to 
an input signal. Typically, the output frequency of the 
variable oscillator is controlled by the voltage of the input 
signal. In one common design for a voltage controlled 
oscillator, a varactor is coupled to a resonator (typically, 
a crystal) to produce a frequency which varies with Ihe 
capacitance of the varactor. 

[0003] Variable oscillators are used in a number of ap- 
plications. One important application is communica- 
tions, where variable oscillators are used for tuning to a 
specific channel in a specified frequency range. In many 
cases, a cellular phone circuit will use two or more var- 
iable oscillators for tuning. 

[0004] Variable oscillators are one of the more expen- 
sive components in a cellular phone circuit. While many 
cellular phone functions are now integrated in a single 
chip, variable oscillators must remain outside the chip. 
This results in a larger and more expensive circuit. Fur- 
ther, currently available variable oscillators are control- 
led by an analog voltage signal. As a result, digital in- 
formation from the DSP (digital signal processor) must 
be converted to an analog signal in order to control the 
varactor of the variable oscillator. 
[0005] Therefore, a need has arisen for a variable os- 
cillator which can be digitally controlled and which is 
subject to greater integration on asemiconductorcircuit. 

BRIEF SUMMARY OF THE INVENTION 

[0006] In the present invention, an oscillator compris- 
es a resonator having first and second terminals and first 
and second capacitor banks coupled to said first and 
second terminals, respectively. The first and second ca- 
pacitor banks each comprise a plurality of capacitors 
coupled to the resonator through respective switching 
devices that may be selectively enabled. The switches 
are selectively enabled to couple a desired set of said 
capacitors to said resonator. At least one of the switches 
is controlled with a clock signal having a programmable 
duty cycle to enable at least one of said capacitors dur- 
ing a first phase of the clock signal and disable that ca- 
pacitor during a second phase of the clock signal. 
[0007] The present invention provides significant ad- 
vantages over the prior art. First, the oscillator may be 
numerically controlled rather than voltage controlled. 



Second, the oscillator may be precisely tuned by adjust- 
ing the duty cycle of the signal that controls one of the 
switches. Third, with the exception of the crystal, ail oth- 
er components of the oscillator can be fabricated onto 
5 asemiconductorcircuit, reducing the part count needed 
for many devices, such as cellular phones. 

BRIEF DESCRIPTION OF THE SEVERAL VIEWS OF 
THE DRAWINGS 

[0008] For a more complete understanding of the 
present invention, and the advantages thereof, refer- 
ence is now made to the following descriptions taken in 
conjunction with the accompanying drawings, in which: 

Figures 1 a and 1 b are schematic diagrams showing 
a numerically controlled oscillator circuit In accord- 
ance with the present invention; 

Figure 1c is a state diagram showing operation of 
the numerically controlled oscillator circuit of Figure 
1a. 

Figure 2 is a block diagram of a sigma-dolta modu- 
lation circuit used in Figure 1 ; and 

Figure 3 is a block diagram of a cellular communi- 
cations circuit using the numerically controlled os- 
cillation circuit of Figure 1 . 

DETAILED DESCRIPTION OF THE INVENTION 

[0009] The present invention is best understood in re- 
lation to Figures 1 -3 of the drawings, like numerals being 
used for like elements of the various drawings. 
[0010] Figure la illustrates a schematic diagram of a 
numerically controlled variable oscillator 10. A crystal 
1 2 is coupled between first and second capacitor banks 
14 (individually referenced as capacitor banks 1 4a and 
14b) and inverter 15. Each capacitor bank 14 includes 
plurality of capacitors 16, each having one plate coupled 
to ground. The other plate of each capacitor is selective- 
ly coupled to a terminal of crystal 12 through a respec- 
tive switch 18. In the illustrated embodiment, the switch 
18 is Implemented using an n-channel MOS (metal over 
silicon) transistor. 

[0011] A sigma delta modulator 20 and a decoder 25 
enable or disable each capacitor 1 6 in a bank. As shown 
in conjunction with Figure 1 b, the decoder 25 controls a 
multiplexer 23 associated with each switch 18 having 
the following inputs: (1 ) a logical "0", (2) a logical "1 ■ and 
(3) the output of the sigma delta modulator (SA). If do- 
coder 25 selects the "0" input, the corresponding switch 
18 is disabled. If decoder 25 selects the "1" input, the 
corresponding switch is enabled. If the decoder 25 se- 
lects the 1A input, the output of the sigma delta modu- 
lator is coupled to the switch 1 8. 
[0012] in response from a signal from DSP 22 (or oth- 
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er logic circuit), decoder 25 provides a signal that ena- 
bles a set of switches for providing the desired capaci- 
tance or as close as possible to the desired capacitance 
without exceeding the desired capacitance. If the capac- 
itance is less than the desired capacitance, but enabling 
another capacitor would exceed the desired capaci- 
tance, the decoder couples the next capacitor in the se- 
quence to the sigma-delta modulator 20. In Figure 1a, 
the switch coupled to the sigma-delta modulator (arbi- 
trarily chosen) is indicated by reference numeral 18sd 
and the associated capacitor is indicated by reference 
numeral 16sd. Accordingly, a "fractional" capacitor can 
be coupled to crystal 12; i.e., the effective capacitance 
of a capacitor 1 6sd whose associated switch 1 8sd is be- 
ing modulated will have a capacitive value between zero 
and c, where c is the capacitive value of a fully enabled 
capacitor 16. 

[001 3] in operation , inverter 1 5 operates as a gain el- 
ement in the oscillator circuit. The frequency of the os- 
cillation is dependent upon the capacitance provided by 
the capacitor bank 14. The capacitance of each bank 
14 is dependent upon two factors: (1) the number of 
switches enabled by the DSP 22 and (2) the length of 
the enabling portion of the pulse form sigma-delta mod- 
ulator 20. Clock sheer provides a signal to sigma-delta 
modulator 22 that enables the pulse width modulation 
to switch synchronously with the oscillation to avoid am- 
plitude modulation. 

[0014] For purposes of explanation, it is assumed that 
all capacitors 1 6 are of the same capacitive value c, al- 
though designs with capacitors of different values could 
also be used, as would be known to one skilled in the 
art. Accordingly, the frequency of the oscillator 10 can 
be roughly tuned to a desired frequency by the DSP 
specifying a number k such that k*c equals the estimat- 
ed total capacitance for each capacitor bank 14 to pro- 
duce the desired frequency. The precision of the oscil- 
lator frequency can be improved by comparing the out- 
put frequency with a reference frequency, f ref , and in- 
creasing or decreasing the capacitance by a single ca- 
pacitor (in each bank 14) until adding an additional ca- 
pacitor exceeds the desired capacitance. Adding or sub- 
tracting one capacitor (thermometric decoding) ensures 
monotonic operation. At this point, the sigma-delta mod- 
ulator 20 is used to precisely tune the oscillator 1 0 to a 
desired frequency. 

[0015] The sigma delta modulator 20 allows for a 
"fractional" capacitor 1 6sd to be added to the capaci- 
tance of the other enabled capacitors. While the other 
capacitors 1 6 will be enabled or disabled in a static man- 
ner, the fractional capacitors 1 6sd are enabled for a por- 
tion of a clock cycle and disabled for a portion of a clock 
cycle as the output of the sigma-delta modulator 20 con- 
trols switch 18sd. Averaged over time, the capacitance 
of the fractional capacitor 1 6sd in each bank will have a 
capacitance equal to c*d t where d is the duty cycle of 
the clock wave output from the sigma-delta modulator. 
For example, for a 50% duty cycle, the capacitance of 



4 

the fractional capacitor 16sd will be 0.5c. Importantly, 
the duty cycle of the clock signal from the sigma-delta 
modulator20 is variable, so that the capacitance of each 
bank can be varied such that the output of the oscillator 
5 1 0 can be precisely matched to the reference frequency, 

W 

[0016] In the preferred embodiment, in order to guar- 
antee the montonicity of the capacitance associated 
with each bank, capacitors 16 are enabled in a prede- 

10 termined sequence as the desired capacitance increas- 
es and are disabled in the reverse sequence as the de- 
sired capacitance decreases. For an increasing capac- 
itance, prior to a transition from a fully disabled to a fully 
enabled state, a capacitor would be in a modulated 

is state. Similarly, for a decreasing capacitance, prior to a 
transition from a fully enabled state to a fully disabled 
state, a capacitor would be in a modulated state. This 
guarantees that variations in the capacitive value of 
each capacitor 16 will not lead to a progression where 

20 the capacitive value of the bank 14 inadvertently in- 
creases during a desired decrease in capacitance or 
where the capacitive value of the bank inadvertently de- 
creases during a desired increase in capacitance. 
[0017] A state diagram illustrating the enabling, mod- 

25 ulating and disabling of switches 18 is shown in Figure 
1c. In state 26, the oscillator 10 is producing a desired 
frequency. If the DSP detects that the frequency from 
the oscillator varies from a desired frequency, it can in- 
crease or decrease the capacitance in the banks 14. If 

30 additional capacitance is needed, the state transitions 
to state 27, where the duty cycle of the ZA modulation 
is increased, thereby increasing the amount of capaci- 
tance associated with the corresponding capacitor 
1 6sd. The duty cycle is increased until one of two events 

35 occurs. First, if the desired frequency is attained, control 
returns to state 26 and the duty cycle is maintained at 
its last value. Second, if the duty cycle reaches 100%, 
the formerly modulated capacitor 16 is fully enabled (i. 
e. f the decoder 25 passes a logical "1" to the corre- 

40 sponding switch 18) and the next capacitor in the se- 
quence is set to ZA modulation in state 28. Control then 
returns to state 27 where the duty cycle is increased until 
the desired frequency is attained or the duty cycle once 
again reaches 100%. 

45 [0018] Similarly, if less capacitance Is needed from a 
state 26 of desired frequency, the state transitions to 
state 29, where the duly cycle of the ZA modulation is 
decreased, thereby decreasing the amount of capaci- 
tance associated with the corresponding capacitor 

so I6sd. The duty cycle is decreased until one of two 
events occurs. First, if the desired frequency is attained, 
control returns to state 26 and the duty cycle is main- 
tained at its last value. Second, if the duty cycle reaches 
0%, the formerly modulated capacitor 1 6 is fully disabled 

55 (i.e., the decoder 25 passes a logical "0" to the corre- 
sponding switch 18) and the previous capacitor in the 
sequence is set to ZA modulation in state 30. Control 
then returns to state 29 where the duty cycle is de- 
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creased until the desired frequency is attained or the du- 
ty cycle once again reaches 0%. 
[001 9] Figure 2 illustrates a preferred embodiment for 
the generation of the output of the sigma-delta modula- 
tor 20. The modulator 31 produces a clock signal having 
a set period. The duty cycle of the clock signal can be 
increased or decreased responsive to a signal from the 
decoder 25. The output of modulator 31 is input to latch 
32, which is clocked by the output of clock slicer 24. 
Clock slicer 24 is a comparator that receives the sine 
wave output of oscillator 1 0 and generates a synchroni- 
zation signal at the maximum amplitude of the signal. 
This causes the output of sigma-delta generator 20 to 
change synchronously with the output of the oscillator 
10 to avoid amplitude modulation. The decision to 
switch the fractional capacitor on or off is made on the 
same edge of the output (rising or falling, but not on 
both). 

[0020] Figure 3 illustrates a block diagram of the nu- 
merically controlled oscillator 1 0 used in a cellular com- 
munications transceiver circuit 36. Signals are received 
and transmitted on antenna 38. The receive circuitry 40 
receives signals from the antenna in a front end/mixer 
circuit 42. Tho front end/mixer circuit 42 conditions the 
signal (using low noise amplification and filtering) and 
mixes the signal with the output of RF (radio frequency) 
numerically controlled oscillator (NCO) 10a, such that 
the frequency from NCO 10a is added to or subtracted 
from the frequency of the received signal. This produces 
the intermediate frequency (IF) signal, which is demod- 
ulated using demodulation circuitry 44, based on the 
output of IF NCO 1 0b. Demodulated data is transmitted 
to DSP 22. The design shown in Figure 1 could be used 
for both RF NCO 10a and IF NCO 10b. If the series re- 
sistance of the switches would be too high in the case 
of the RF NCO, a standard VCO could be used. 
[0021] Similarly, data from DSP 22 is output on anten- 
na 38 via transmit circuitry 46. Data from the DSP 22 is 
modulated by modulator 48 in conjunction with the fre- 
quency from IF NCO 10b. The modulated data is re- 
ceived by filtering and tuning circuitry 50, which condi- 
tions the data for broadcast at a frequency determined 
by RF NCO 10a. The output of filtering and tuning cir- 
cuitry 50 is amplified by power amplifier 52. The frequen- 
cies from NCOs 1 0a and 1 0b can be controlled by DSP 
22, as described In connection with Figure 1 . 
[0022] The transceiver circuitry 36, including the nu- 
merically controlled oscillators can be implemented on 
a single integrated circuit, with the exception of the crys- 
tals. In a typical communication application, each ca- 
pacitor bank 14 could contain 256 capacitors, although 
more or less could be used as desired. 
[0023] The present invention provides significant ad- 
vantages over the prior art. First, the oscillator may be 
numerically controlled rather than voltage controlled. 
Second, the oscillator may be precisely tuned by adjust- 
ing the duty cycle of the signal that controls one of the 
switches. Third, with the exception of the crystal, all oth- 



er components of the oscillator can be fabricated onto 
a semiconductor circuit, reducing the part count needed 
for many devices, such as cellular phones. This results 
in less expensive communication devices. 

5 [0024] Although the Detailed Description of the inven- 
tion has been directed to certain exemplary embodi- 
ments, various modifications of these embodiments, as 
well as alternative embodiments, will be suggested to 
those skilled in the art. The invention encompasses any 

to modifications or alternative embodiments that fall within 
the scope of the Claims. 



Claims 

15 

1. An oscillator comprising: 

a resonator having first and second terminals; 
first and second capacitor banks coupled said 

20 first and second terminals, respectively, said 

first and second capacitor banks each compris- 
ing a plurality of capacitors coupled to said res- 
onator through respective switching devices 
that may be selectively enabled; and 

25 circuitry for selectively enabling said switching 

devices to couple a desired set of said capaci- 
tors to said resonator, including circuitry for 
generating a clock signal having a programma- 
ble duty cycle to enable at least one of said 

3° switching devices during a first phase of the 

clock signal and disable said at least one 
switching device during a second phase of the 
clock signal. 

35 2. The oscillator of claim 1 wherein said resonator is 
a crystal. 

3. The oscillator of claim 1 and further comprising a 
clock slicer coupled to said resonator for generating 

40 a synchronization signal responsive to the signal 
across said resonator. 

4. The oscillator of claim 3 wherein said clock signal 
switches between said first and second phases on 

45 an active edge of said synchronization signal. 

5. The oscillaLor of claim 1 and further comprising a 
decoder coupled to said capacitor banks for selec- 
tively enabling one or more of said switches in each 

50 bank. 

6. The oscillator of claim 5 wherein said decoder var- 
ies the capacitance associated with said capacitor 
banks by enabling or disabling one switch at a time. 

55 

7. The oscillator of claim 6 wherein said decoder var- 
ies the capacitance associated with said capacitor 
banks by enabling or disabling one switch at a time 
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in a predetermined sequence. 

8. The oscillator of claim t wherein said switches com- 
prise MOS transistors. 

5 

9. A method of producing a signal at a desired fre- 
quency, comprising the steps of: 

providing a resonator having first and second 
terminals; 10 
providing first and second capacitor banks cou- 
pled said first and second terminals, respec- 
tively, said first and second capacitor banks 
each comprising a plurality of capacitors cou- 
pled to said resonator through respective *5 
switching devices that may be selectively ena- 
bled; and 

selectively enabling said switching devices to 
couple a desired set of said capacitors lo said 
resonator; and 20 
generating a clock signal having a programma- 
ble duty cycle to enable at least one of said 
switching devices during a first phase of the 
clock signal and disable said at least one 
switching device during a second phase of the 25 
clock signal. 

10. The method of claim 9 wherein said step of provid- 
ing a resonator comprises the step of providing a 
crystal. 30 

11. The method of claim 9 and further comprising the 
step of generating a synchronization signal respon- 
sive to the signal across said resonator. 

35 

12. The method of claim 11 and further comprising the 
step of switching said clock signal between said first 
and second phases on an active edge of said syn- 
chronization signal. 

13. The method of claim 9 and further comprising the 
step of selectively enabling one or more of said 
switches in each bank responsive to the output of a 
decoder. 

14. The method of claim 13 wherein selectively ena- 
bling step comprises the step of enabling or disa- 
bling one switch at a time in each capacitor bank. 

15. The method of claim 14 wherein said step of ena- so 
bling or disabling comprises the step of enabling or 
disabling one switch at a time in a predetermined 
sequence. 

55 
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